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Lipid vesicleMyelin basic protein (MBP) binds to negatively charged lipids on the cytosolic surface of oligodendrocytes
and is believed to be responsible for adhesion of these surfaces in the multilayered myelin sheath. It can
also assemble actin ﬁlaments and tether them to lipid bilayers through electrostatic interactions. Here we in-
vestigate the effect of increased negative charge of the lipid bilayer due to phosphorylation of phosphatidy-
linositol (PI) on MBP-mediated binding of actin to the lipid bilayer, by substituting phosphatidylinositol 4-
phosphate or phosphatidylinositol 4,5-bisphosphate for PI in phosphatidylcholine/phosphatidylglycerol
lipid vesicles. Phosphorylation of PI caused dissociation of the MBP/actin complex from the lipid vesicles
due to repulsion of the negatively charged complex from the negatively charged membrane surface. An effect
of phosphorylation could be detected even if the inositol lipid was only 2 mol% of the total lipid. Calcium–
calmodulin dissociated actin from the MBP–lipid vesicles and phosphorylation of PI increased the amount
dissociated. These results show that changes to the lipid composition of myelin, which could occur during
signaling or other physiological events, could regulate the ability of MBP to act as a scaffolding protein and
bind actin ﬁlaments to the lipid bilayer.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Myelin basic protein (MBP) is 30% of the total protein of myelin. It
is bound to the cytoplasmic side of the oligodendrocyte (OL) mem-
brane, primarily through electrostatic interactions with acidic lipids
(reviewed in [1]). Its primary function is to mediate adhesion of the
cytoplasmic surfaces of the multilayered myelin sheath [2,3], but in-
creasingly MBP is being revealed to be a multifunctional protein
[4–7]. Another function of MBP may be to interact with the cytoskel-
eton in oligodendrocytes, in cytosolic inclusions in myelin, and even
in compact myelin [4–6], where MBP, actin, and tubulin occur in the
radial component, a series of tight junctions which pass through
many layers of myelin [8]. It also has an SH3-ligand domain whichost highly charged isomer of
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rights reserved.can bind to SH3 domains from a number of proteins [9]. MBP is an in-
trinsically disordered protein which acquires structure on binding to
lipid and such proteins [6,7].
MBP in solution binds to F-actin in a 1:1 mole ratio and induces
the formation of ordered bundles of F-actin ﬁlaments [10]. It also
binds to G-actin in solution at an MBP/actin mole ratio of 1:2, and
causes its polymerization into ﬁlaments under non-polymerizing
low ionic strength conditions [11–14]. We showed earlier that MBP
could bind actin ﬁlaments, microtubules, and the SH3-domain of
Fyn to the surface of negatively charged lipid vesicles, suggesting
that it may be able to act as a membrane scaffolding protein
[9,15–19] andmay be involved in transmission of extracellular signals
to the cytoskeleton [20,21]. More recently, we have shown that MBP
redistributes together with actin and tubulin in membrane-rufﬂed re-
gions and focal adhesion contacts of N19-oligodendroglial cells stim-
ulated with phorbol ester or IGF-1, supporting a role for these
interactions in cells [22]. MBP also binds to Ca2+–CaM [23–26], and
this interaction results in the dissociation of MBP from actin bundles
[10], and in the depolymerization of actin ﬁlaments bound to MBP
in solution [11]. Ca2+–CaM also caused dissociation of MBP, the
MBP–actin complex, and the Fyn SH3-domain from lipid vesicles
[15,19].
MBP (pI~10) interacts with both anionic lipids and anionic actin
through electrostatic interactions. At a pH of 7.4, each actin monomer
(pI=5.6), including a molecule each of tightly bound divalent cation
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suming in both cases that the histidines are not protonated. Subdo-
main 1 of G-actin has a negative surface potential and is fully
accessible to solvent and other proteins when polymerized in actin
ﬁlaments [28], giving actin ﬁlaments a high negative surface charge
density [29]. A reduction in the net positive charge of MBP, due to ei-
ther phosphorylation or deimination of 6 arginines to give citrulline
[30], decreased the ability of MBP to bundle actin ﬁlaments and to
tether them to a lipid membrane [16,17]. We also showed that in-
creasing the net negative charge of lipid vesicles, due to an increased
ratio of negatively charged lipid to the neutral lipid phosphatidylcho-
line (PC), inhibited binding of actin ﬁlaments to the lipid-bound MBP
[15]. The surface charge of the lipid bilayer can also be modiﬁed in
vivo during signal transduction by phosphorylation of phosphatidyli-
nositol (PI), in addition to changes in the ratio of negatively charged
to neutral lipids. In the present study, we determine the effect of in-
creasing PI phosphorylation on the ability of MBP to bind actin to
lipid bilayers using PC vesicles containing PI, phosphatidylinositol 4-
phosphate (PIP), and phosphatidylinositol 4,5-bisphosphate (PIP2).
2. Materials and methods
2.1. Lipids and proteins
Egg L-α-phosphatidylcholine (PC) was purchased from Sigma (St.
Louis, MO). L-α-phosphatidylglycerol (PG; prepared from egg PC),
bovine liver L-α-phosphatidylinositol (PI), ammonium salt form of
porcine brain L-α-phosphatidylinositol 4-phosphate (PIP), and the
ammonium salt form of porcine brain L-α-phosphatidylinositol 4,5-
bisphosphate (PIP2), were obtained from Avanti Polar Lipids, Inc.
(Alabaster, AL). [3H]-cholesterol (speciﬁc activity 5 mCi/μmol) was
purchased from Amersham (Baie d'Urfe, QC, Canada). The concentra-
tion of all the lipids used for each experiment was determined by
phosphorous analysis [31] before each experiment. Myelin basic pro-
tein (MBP) was isolated from bovine brain and the least modiﬁed,
most highly positively charged 18.5 kDa component (denoted C1),
was puriﬁed from it as described [32–34]. The protein concentration
was determined by the Peterson method [35].
G-actin and pyrene-labeled actin were purchased from Cytoskele-
ton (Denver, CO) and stored lyophilized at 4 °C. Calmodulin (CaM)
was purchased from Calbiochem (San Diego, CA). Na2ATP (grade 1)
was purchased from Sigma (St. Louis, MO). Rabbit anti-actin antibody
was purchased from Sigma (St. Louis, MO). Rabbit polyclonal anti-
MBP antibody (E5), IgG fraction, was a gift from Dr. E. Day [36], and
goat anti-rabbit IgG conjugated to horseradish peroxidase (HRP) was
purchased from Jackson ImmunoResearch Labs (West Grove, PA). En-
hanced chemiluminescence (ECL) reagents were from Amersham.
2.2. Preparation of F-actin
G-actin was made up to 10 mg/mL in distilled water and then di-
luted to 2.4 mg/mL with G buffer (5 mM Tris–HCl, pH 8.0, containing
0.2 mM Na2ATP, 0.2 mM CaCl2, 0.5 mM DTT) and used immediately.
For polymerization into F-actin, F buffer (5 mM Tris–HCl, pH 7.5 con-
taining 2 mM MgCl2, 50 mM KCl, 0.2 mM CaCl2, 1 mM Na2ATP,
0.5 mMDTT) was added to it [15,37]. The actin was at a concentration
of 1 mg/454 μL (2.2 mg/mL). Under similar conditions, at 4–25 °C, the
critical concentration of muscle actin has been reported as 30 μg/mL
[38]. Dobrowolski et al. [11] determined that, in the presence of
MBP, the critical concentration was close to zero.
2.3. Preparation of large unilamellar vesicles
Aliquots of chloroform solutions of the lipids were combined in
the desired mole ratio. A trace amount of [3H]-cholesterol was
added to give a speciﬁc activity of 100,000 cpm/10 μmol lipid. Thesolvent was evaporated rapidly under a stream of nitrogen with the
tube maintained at 30 °C in a water bath [19,39], and the lipid ﬁlm
was evacuated in a lyophilizer for 2 h. The lipid (10–20 μmol) was hy-
drated in 500 μL of modiﬁed F buffer, with the divalent cations omit-
ted. Multilamellar vesicles were prepared by freeze thawing ﬁve
times using a dry ice/acetone bath, followed by a 40 °C water bath
and dispersing the lipid by vigorous vortex mixing. The lipid vesicles
were extruded through 0.1 μm pore ﬁlters to give large unilamellar
vesicles (LUVs), as described [40]. The LUVs were diluted in modiﬁed
F buffer to a ﬁnal concentration of 1 mg/78 μL (12.8 mg/mL) or
1.3 μmol/78 μL (16.7 M). For the experiment shown in Fig. 6, the
LUVs were prepared and diluted with modiﬁed G buffer with the di-
valent cations omitted, instead of modiﬁed F buffer.
2.4. Determination of interaction of actin and MBP with LUVs
The puriﬁed MBP was dissolved in modiﬁed G buffer at a concen-
tration of 100 μg/100 μL. Then, 92 μg MBP was added to 110 μL LUVs
(prepared in modiﬁed F buffer) in Eppendorf microcentrifuge tubes,
followed by an aliquot of F buffer (containing divalent cations; a min-
imum of 612 μL). Then, a G-actin solution containing 220 μg G-actin
was added. The total volume was 1.0 mL. The samples were mixed
gently and incubated for 60 min at room temperature. When CaM
was used, it was dissolved in F buffer at a concentration of 100 μg/
100 μL, and an aliquot was added to the MBP-containing samples
after they had been incubated for 30 min. These mixtures were then
incubated for an additional 30 min at room temperature. The mole
ratio of MBP/actin/CaM was 1:1:1 or 1:1:2. The G and F buffers con-
tained 0.2 mM CaCl2; thus the CaM was in the Ca2+-bound form.
For the experiment shown in Fig. 6, the MBP and G actin were com-
bined in G buffer and allowed to interact for 15 min to polymerize
and bundle F actin. The MBP–actin complex was then added to LUVs
prepared in modiﬁed G buffer, incubated at room temperature for
an additional 15 min to permit binding to LUVs, and then diluted
with F buffer and incubated for 60 min to maximize actin
polymerization.
The samples were placed on a discontinuous sucrose density
gradient in order to separate lipid-free protein from lipid-bound
protein. The gradient was prepared by layering 1 mL each of 40%
sucrose, 20% sucrose, and 15% sucrose, each made up in F buffer,
in 5 mL Beckman Ultra-ClearTM ultracentrifuge tubes. The samples
were centrifuged at 109,000 g for 18 h at 4 °C in a SW 55Ti rotor
in a Beckman OptimaTM L-90K ultracentrifuge. The lipid without
protein sedimented in a hazy band on top of the 15% layer, while
the lipid with protein sedimented as one or more bands which
could be clearly seen by eye within the 15% layer, or on top of
the 20% layer (Fig. 1). Actin–MBP complexes without lipid, sedi-
mented to the bottom of the tube. The position and appearance of
the band was noted, each sucrose layer was collected, and the
bands were collected separately. In some cases where little material
was present in the 20% and 40% layers, they were combined or col-
lected together in order to have sufﬁcient protein for slot blot anal-
ysis. After removal of most of the 40% layer, the bottom of the tube
was washed out with 500 μL F buffer to collect any pellet at the
bottom. All the samples were made up to 1.5 mL in F buffer and al-
iquots were taken for counting, protein assays, and slot blots. Ali-
quots of the sucrose layers without bands were counted for [3H]
and assayed for protein by the Peterson method [35]. The MBP
and actin were quantiﬁed on Coomassie-stained gels or on slot
blots by application of 100 μL to a nitrocellulose membrane, pre-
soaked in Tris buffered saline (TBS), in a Bio-Dot SF Microﬁltration
system with a 48-well slot format (Bio-Rad Laboratories, Inc., Hercu-
les, CA). The dried membrane was blocked 1.5 h with 5% skim milk
in TBS, and incubated with anti-actin or anti-MBP Ab in 2.5% milk,
followed by incubation with the HRP-conjugated anti-IgG. The mem-
brane was exposed to enhanced chemiluminescence (ECL) reagents.
Buffer
Layer
15% sucrose
Layer
20% sucrose
Layer
40% sucrose
Layer
15% Band
15% lower
20% Band
Pellet
Fig. 1. Large unilamellar vesicles (LUVs) with MBP and actin ﬁlaments were centri-
fuged in a 5 mL ultracentrifuge tube on a discontinuous sucrose density gradient pre-
pared by layering 1 mL each of 40% sucrose, 20% sucrose, and 15% sucrose, each
made up in F buffer, in order to separate any actin–MBP complex unbound to lipid
from a lipid-bound MBP–actin complex, and from MBP–lipid or protein-free lipid ves-
icles. The position and appearance of any visible opaque bands were noted and they
were collected separately (15% band, 20% band). The buffer and sucrose layers above
and below the bands (buffer layer, 15% lower, 20% upper, [collected separately even
if no 2nd band was seen] and remaining 20% layer and the 40% layer) were also collect-
ed separately. The LUVs plus MBP alone were found as a diffuse band on top of the 15%
layer. The LUVs plus MBP and actin were found as bands within the 15% layer and/or on
top of the 20% layer. The MBP/F-actin complex without lipid sedimented as a visible
pellet through the 40% sucrose to the bottom of the tube (pellet).
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using a UVP-Image Analyzer and compared to those of known
amounts of actin and MBP standards in order to quantify the
amount of each protein in the sample. Because different lipid
and protein batches were used in different experiments shown
in different ﬁgures, the results from different ﬁgures cannot be
compared. The data in the experiments in each ﬁgure and repli-
cates for that experiment were carried out using the same batches
of lipid and protein.
2.5. Lipid analysis of prepared LUVs and density gradient samples
The lipid compositions of the LUVs and bands from the sucrose
density gradient were analyzed by thin-layer chromatography (TLC)
after Bligh-Dyer extraction [41]. For PC/PI mixtures, the samples
were spotted on TLC plates (EMD Chemicals, Gibbstown, NJ) and
run in chloroform/methanol/acetic acid/water 100/60/16/8 (volume
ratios). The PC/PIP and PC/PIP2 mixtures were spotted on 0.6% po-
tassium oxalate-coated TLC plates and run in chloroform/acetone/
methanol/acetic acid/water 40/15/13/12/7 [42]. Lipid standards of
known amounts were run in each case. The plates were sprayed
with 50% H2SO4 and heated to develop the spots. The spots were
quantiﬁed by densitometric scanning on a SCION Image analyzer
using NIH Shareware. The PC to inositol lipid density ratios for
lipid–protein complexes from sucrose density fractions was com-
pared to the density ratio for the LUVs after extrusion.
2.6. Measurement of zeta potentials of PC/PIP2 LUVs
The electrophoretic mobility (velocity/ﬁeld) of PC/PIP2 8.5/1.5 LUVs
was measured and the ζ potential, the electrostatic potential at the
shear plane, was calculated using the Helmholtz–Smoluchowski
Eq. (1) as described [43],
ζ ¼ uη= εrε0ð Þ ð1Þ
where ζ is the ζ potential of a vesicle; u is the velocity of the vesicle
in a unit electric ﬁeld; η is the viscosity of the aqueous solution; εr is
the dielectric constant of the aqueous solution; and ε0 is thepermittivity of free space. The ζ potential is proportional to the sur-
face charge density of the LUVs [43]. Their degree of homogeneity
can be determined by measurement of a number of vesicles in the
sample.
3. Results
3.1. Effect of increasing surface charge density of LUVs on MBP-mediated
binding of F-actin to LUVs
The ability of MBP to bind actin ﬁlaments to LUVs of varying sur-
face charge density was determined by ultracentrifugation at high
speed (109,000 g) on a discontinuous sucrose gradient in order to
separate any actin ﬁlaments or actin–MBP complexes not bound to
lipid from a lipid-bound MBP–actin complex and MBP–lipid or
protein-free lipid vesicles. The actin–MBP bundles in the absence of
LUVs, sediment to the bottom of the tube and can be seen as a pellet,
although F-actin by itself is found throughout the gradient [15–17].
Lipid–protein bands and different buffer and sucrose layers were col-
lected (Fig. 1) and the amounts of lipid, actin and MBP in each were
determined by lipid and protein assays, and by gel electrophoresis
and by slot blots, as reported previously [15–17]. The effect of in-
creasing surface charge density of phosphatidylcholine (PC) LUVs,
due to an increase in the amount of the generic acidic phospholipid
phosphatidylglycerol (PG) or to incorporation of PIP2 in the vesicles,
is shown in Fig. 2. The LUVs bound to actin and MBP were recovered
as a distinct opaque band in the 15% sucrose layer. In the absence of
MBP, actin does not sediment with the lipid vesicles [15]. Thus,
most of the added actin is bound to the lipid-associated MBP in the
case of PC vesicles containing up to 20 mol% PG (Fig. 2A, B). However,
for vesicles containing 30 mol% PG (Fig. 2C) or 15 mol% PIP2 (Fig. 2D),
a signiﬁcant amount of the actin/MBP complex was found with little
or no lipid in the 40% layer or in a pellet at the bottom of the tube.
The amount of unbound protein was even greater for PC/PIP2
8.5:1.5 LUVs than PC/PG 7:3 LUVs. For the latter two types of LUVs,
the lipid–protein vesicles were distributed in two bands of different
lipid to protein ratio and different density in the 15% and 20% sucrose
layers. For the higher density band for the PC/PG 7:3 LUVs, the
amount of lipid associated with the bound protein is low. The LUVs
in this case may be trapped in between actin bundles. Despite the het-
erogeneity which occurs for some samples, these results indicate that
less of the actin/MBP complex binds to the LUVs as the negative sur-
face charge density increases. The actin to MBP ratio is higher in the
unbound complex than in the complex bound to LUVs and this differ-
ence is even greater for PC/PIP2 8.5:1.5 LUVs than PC/PG 7:3 LUVs.
Thus, the negatively charged LUV repel the negatively charged actin
ﬁlaments, even though a signiﬁcant amount of MBP remains bound
to them, which would partially neutralize their negative charge. The
PIP2 with its negative charge of −4/molecule [39,44] contributes
even more to the negative surface charge of the LUVs than PG, with
a negative charge of−1/molecule, as expected. The results also indi-
cate that MBP has an equivalent afﬁnity for actin as for the LUVs
under these conditions, since a signiﬁcant amount of it dissociates
from the LUVs and remains bound to the actin.
3.2. Effect of phosphorylation of PI on binding of F-actin to MBP–lipid
vesicles
The effect of phosphorylation of PI on the ability of MBP to bind F-
actin to LUVs was investigated further by incorporating varying
mole% PI, PIP, or PIP2 into PC LUVs. Since PIP2 may have different sol-
ubility in solvents than PC and be difﬁcult to incorporate homoge-
neously into PC vesicles [43], we measured the zeta potential of a
series of vesicles. The mean±S.D. of 30 PC LUVs was −6.12±
0.55 mV and that for 50 PC/PIP2 8.5:1.5 LUVs was −66.6±4.7 mV.
The greater zeta potential of PC/PIP2 LUVs compared to PC LUVs
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Fig. 2. Percentage of total amount of lipid (black bar), protein (medium gray bar), MBP (dark gray bar), and actin (light gray bar) found in different sucrose density gradient frac-
tions for LUVs of varying ratio of PC to acidic lipid (PG or PIP2). (A) PC/PG 9:1 LUVs, (B) PC/PG 8:2 LUVs, and (C) PC/PG 7:3 LUVs, and (D) PC/PIP2 8.5:1.5 LUVs. The mole ratio of MBP
to actin added was 1:1. The samples were relatively homogeneous with mainly one opaque lipid–protein band in the 15% sucrose layer and a protein pellet at the bottom of the
tube. The pellet is material which sedimented to the bottom of the tube. It was recovered after removing most of the sucrose solution and washing out the tube with F buffer.
Since there was little material in the 40% layer, the values for that layer were combined with those of the pellet. Small amounts of lipid present in the 40% layer or the pellet
may have been due to contamination from material higher in the gradient. An asterisk (*) indicates fractions where the protein assay detected some protein but the amounts
were insufﬁcient to quantify actin and MBP. Values represent the mean±range of two experiments.
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ed by the PIP2. The low S.D. indicates that the PC/PIP2 LUVs were rel-
atively homogeneous [43]. We also measured the ratio of PC to
inositol lipid in various PC/PI, PC/PIP and PC/PIP2-containing fractions
from the sucrose density gradient and compared them to that of the
initial sample of LUVs. The ratios of all fractions were similar to that
of the initial LUVs, conﬁrming that the LUVs were relatively homoge-
neous in all cases and that the occurrence of lipid-containing protein
complexes at different densities in the gradient was not due to varia-
tions in the ratio of PC to negatively charged lipid in the LUVs used
(Table 1).
The PC/PI 8:2 LUVs bound to actin and MBP were recovered in two
opaque bands in the 15% and 20% layers (Fig. 3A). Note, that this more
heterogeneous behavior is a little different from that of PC/PG 8:2
LUVs in the experiment in Fig. 2, which resulted in a more homoge-
neous sample. However, whenever PC/PG and PC/PI vesicles were
compared in the same experiment, they behaved similarly (not
shown). Differences between similar samples in different experi-
ments shown in the different ﬁgures may be due to the use of differ-
ent batches of actin or other undeﬁned differences in the sample
conditions, although great care was taken to keep all conditions con-
stant. The lipid concentration of all stock solutions was determined by
phosphorous analysis before preparing LUVs for each experiment inorder to ensure accurate lipid mole ratios in the samples. Samples
compared within a ﬁgure were prepared and analyzed at the same
time. Replicates were done with the same batches of protein and
within a few weeks of each other and behaved similarly as shown
by the range for duplicate experiments. However, experiments
shown in the different ﬁgures were done at different times with dif-
ferent batches of protein and cannot be compared.
For the PC/PI 8:2 sample shown in Fig. 3A, the lower band did not
contain much lipid and the actin to MBP ratio was higher than that for
the upper, lower density band. It may represent MBP–actin bundles
with some lipid vesicles trapped in between — the bound lipid de-
creases the density of the material so that it does not sediment to
the bottom of the tube. An additional 20% of the total protein was re-
covered below the 20% sucrose layer and is lipid-free MBP–actin bun-
dles, since F-actin alone does not sediment to the bottom of the tube.
A single lipid–protein band was observed for LUVs containing PC/PIP
8:2 in the 15% layer and PC/PIP2 8:2 on top of the 20% sucrose layer,
but much less protein was bound to the LUVs in both cases than for
PC/PI 8:2 LUVs (Fig. 3B, C). About half the protein was found as
lipid-unbound MBP/actin bundles in the protein pellet at the bottom
of the tube for PC/PIP and PC/PIP2 LUVs, indicating repulsion of the
MBP/actin complex from these more highly negatively charged
LUVs. The actin to MBP ratio in the protein pellet was greater than
Table 1
Ratios of PC to Phosphoinositide (PI, PIP, PIP2) in lipid–protein complexes recovered
from sucrose density gradient relative to value for LUVs used.a
PC/PI PC/PIP PC/PIP2
Main band Higher
density
Main band Lower
density
Main band Higher
density
1.06±0.10 1.08±0.08 0.99±0.05 0.87±0.07 0.94±0.08 0.96±0.05
n=8 n=2 n=8 n=4 n=8 n=6
a Lipid ratios determined by TLC as described in Material and methods. Ratios
obtained for each fraction were divided by that obtained for the LUVs used in that ex-
periment. Numbers represent mean±S.D. (or range when n=2) of n samples. Main
band is the opaque lipid–protein band recovered from the sucrose density gradient
that contained most of the lipid. The ratios for other minor bands or material obtained
above (at lower density), or below (at higher density) the main band, are also indicat-
ed. Various ratios of PC to phosphoinositide were used in the LUVs used for these 8 ex-
periments. The number of lipid-containing bands or fractions observed depended on
the ratio of PC to phosphoinositide in the LUVs used. The number of experiments in
which the fraction indicated was observed is indicated below the value for the mean
±S.D. for that fraction.
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Fig. 3. Percentage of total amount of lipid (black bar), protein (medium gray bar),
MBP (dark gray bar), and actin (light gray bar) found in different sucrose density
gradient fractions for LUVs of PC to phosphoinositide (PI, PIP, or PIP2) mole ratio
8:2. (A) PC/PI LUVs, (B) PC/PIP LUVs, and (C) PC/PIP2 LUVs. The mole ratio of MBP
to actin added was 1:1. The samples were relatively homogeneous with mainly
one opaque lipid–protein band in the 15% sucrose layer (PI and PIP) or on top of
the 20% layer (PIP2), and MBP/actin complexes with little or no lipid at higher su-
crose densities and as a protein pellet at the bottom of the tube. Since there was lit-
tle material in the 40% layer, the values were combined with those of the pellet.
Small amounts of lipid present in the 40% layer or the pellet may have been due
to contamination from material higher in the gradient. An asterisk (*) indicates frac-
tions where the protein assay detected some protein but the amounts were in-
sufﬁcient to quantify actin and MBP. Values represent the mean±range of two
experiments.
2221J.M. Boggs et al. / Biochimica et Biophysica Acta 1818 (2012) 2217–2227for the complex bound to LUVs. Less protein, especially actin, was
bound to LUVs containing PIP2 than PIP. Similar results were found
for PC LUVs containing 15 mol% of the inositol lipid (not shown).
These results indicate increasing repulsion of the MBP/actin complex
from the LUVs with increased phosphorylation of PI, due to the in-
creased negative surface charge of the LUVs.
Although the cytoplasmic surface of natural plasma membranes
contains about 15–20% acidic lipid, only a fraction of this is PI, PIP,
or PIP2. Therefore, the effect of phosphorylation of PI on actin binding
was determined by using PC vesicles with 13–16 mol% PG, as a gener-
ic acidic phospholipid, plus 2–5% PI or PIP or PIP2. The mole ratio of PC
to acidic phospholipid was kept constant at 8.2:1.8. When the phos-
phoinositide was 2 mol% of the total lipid, the amount of actin
bound to the LUVs in the main band in the 15% sucrose layer de-
creased somewhat with increasing phosphorylation of PI, with the
amount bound decreasing in the order PI>PIP>PIP2. The amount of
actin/MBP complex bound to small amounts of lipid at higher densi-
ties and at the bottom of the tube increased in the same order
(Fig. 4A–C). The increasing heterogeneity may be due to trapping of
lipid vesicles between MBP–actin bundles, especially where the
amount of lipid is low, as in the PIP2 fractions below the 15% sucrose
layer, thus preventing the protein from sedimenting to the bottom of
the tube (Fig. 4B, C). The actin to MBP ratio of the protein complex
bound to LUVs decreased with increasing phosphorylation of PI, and
the protein complex found at higher densities or at the bottom of
the tube for the PIP2 sample had higher actin to MBP ratios.
When the amount of phosphoinositide was 5 mol% of the total
lipid, the amount of actin bound to the LUVs in the main band in
the 15% sucrose layer decreased even more with phosphorylation of
PI (Fig. 4D–F). Again, a greater effect was seen for PIP2 than PIP. PI be-
haved similarly to PG, since most of the actin and MBP remained
bound to the LUVs even at 5 mol% PI (Fig. 4A, D). MBP was also less
bound to the LUVs with increasing phosphorylation of PI, despite
the greater negative charge contributed to the vesicles, indicating
preferential binding of MBP to the actin ﬁlaments, under these condi-
tions. The actin to MBP ratio in the lipid-unbound complex was
higher than for the lipid-bound complex in the main band. Thus the
negative charge of the actin ﬁlaments in the lipid-unbound complex
is less neutralized by the bound MBP.
3.3. Effect of Ca2+–CaM
Ca2+–CaM was added at a mole ratio to actin and MBP of 1:1:1 to
LUVs containing 18 mol% of the total acidic lipid and 5 mol% of the
inositide lipid with MBP and actin. Ca2+–CaM increased the amount
of free actin near or at the bottom of the tube (Fig. 4G–I), indicating
dissociation of some actin bundles from the MBP and from the
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Fig. 4. Percentage of total amount of lipid (black bar), protein (medium gray bar), MBP (dark gray bar), and actin (light gray bar) found in different sucrose density gradient frac-
tions for LUVs of varying ratio of PC to PG to phosphoinositide (PI, PIP, or PIP2). The total content of acidic lipid was 18 mol%. (A) PC/PG/PI 8.2:1.6:0.2 LUVs; (B) PC/PG/PIP 8.2:1.6:0.2
LUVs; (C) PC/PG/PIP2 8.2:1.6:0.2 LUVs; (D) PC/PG/PI 8.2/1.3/0.5 LUVs; (E) PC/PG/PIP 8.2/1.3/0.5 LUVs; (F) PC/PG/PIP2 8.2/1.3/0.5 LUVs; (G) PC/PG/PI 8.2/1.3/0.5 LUVs+Ca2+–CaM;
(H) PC/PG/PIP 8.2/1.3/0.5 LUVs plus Ca2+–CaM; and (I) PC/PG/PIP2 8.2/1.3/0.5 LUVs plus Ca2+–CaM. The mole ratio of MBP/actin/Ca2+–CaM was 1:1:0 or 1:1:1. The 20% and 40%
sucrose layers, below any bands present on top of the 20% sucrose layer, were collected together in order to have more protein for quantiﬁcation of MBP and actin. The amount of
protein from the protein assay for (G–I) includes CaM, so cannot be compared to samples without CaM. The samples were more heterogeneous than in Figs. 2 and 3, especially at
higher amounts of PIP and PIP2, with one or more lipid–protein bands observed in the 15% sucrose layer and on top of the 20% layer. Actin ﬁlaments, or MBP/actin complexes with
little or no lipid, sedimented to higher sucrose densities and as a protein pellet at the bottom of the tube. Small amounts of lipid present in this pellet may have been due to con-
tamination from material higher in the gradient. An asterisk (*) indicates fractions where the protein assay detected some protein but the amounts were insufﬁcient to quantify
actin and MBP. Values represent the mean+range of two experiments.
2222 J.M. Boggs et al. / Biochimica et Biophysica Acta 1818 (2012) 2217–2227LUVs, with the amount of free actin increasing in the order PIP2>-
PIP>PI. However, Ca2+–CaM did not dissociate MBP from the LUVs
at this equimolar ratio of actin/MBP/Ca2+–CaM. It also increased the
degree of heterogeneity of the PI and PIP samples with a greaterpercentage of the sample occurring in a higher density lipid–protein
band (Fig. 4G, H compared to Fig. 4D, E). The two lipid–protein
bands in the 15% and 20% sucrose layers had similar lipid to MBP ra-
tios but the higher density one had more bound actin. The reason for
2223J.M. Boggs et al. / Biochimica et Biophysica Acta 1818 (2012) 2217–2227this increased heterogeneity is not understood. However, it appears
that Ca2+–CaM dissociated actin from the lower density lipid–pro-
tein band rather than the higher density one, and increased the per-
centage of the lipid and protein in the higher density one. In thePC/PG/PIP
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Fig. 5. Percentage of total amount of lipid (black bar), protein (medium gray bar), MBP (da
tions for LUVs of varying ratio of PC to PG to phosphoinositide (PI, PIP, or PIP2), without or w
0.5 LUVs; (B) PC/PG/PIP 8.75/0.75/0.5 LUVs; (C) PC/PG/PIP2 8.75/0.75/0.5 LUVs; (D) PC/PG/P
and (F) PC/PG/PIP2 8.75/0.75/0.5 LUVs plus Ca2+–CaM. The mole ratio of MBP/actin/Ca2+–
especially at higher amounts of PIP and PIP2, with one or more lipid–protein bands observe
below any bands present on top of the 20% sucrose layer, were collected together in order to
the protein assay for panels (D–F) includes CaM, so cannot be compared to samples without
ted to higher sucrose densities and as a protein pellet at the bottom of the tube. Small amou
ination from material higher in the gradient. An asterisk (*) indicates fractions where the p
and MBP. Values represent the mean±range of two experiments.case of PIP2, Ca2+–CaM dissociated some actin from the single
lipid–protein band at 15% sucrose and also dissociated actin from
the MBP–actin complex in the pellet. The MBP/lipid ratio in the
lipid–protein band is higher in the presence of Ca2+–CaM than in gradient fractions
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ith Ca2+–CaM. The total content of acidic lipid was 12.5 mol%. (A) PC/PG/PI 8.75/0.75/
I 8.75/0.75/0.5 LUVs plus Ca2+–CaM; (E) PC/PG/PIP 8.75/0.75/0.5 LUVs plus Ca2+–CaM;
CaM was 1:1:0 or 1:1:2. The samples were more heterogeneous than in Figs. 2 and 3,
d in the 15% sucrose layer and on top of the 20% layer. The 20% and 40% sucrose layers,
have sufﬁcient protein for quantiﬁcation of MBP and actin. The amount of protein from
CaM. The MBP/actin complexes with little or no lipid and free actin ﬁlaments sedimen-
nts of lipid present at 20-40% sucrose and in the pellet may have been due to contam-
rotein assay detected some protein but the amounts were insufﬁcient to quantify actin
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Fig. 6. Percentage of total amount of lipid (black bar), protein (medium gray bar),
MBP (dark gray bar), and actin (light gray bar) found in different sucrose density
gradient fractions for LUVs of PC/PG/phosphoinositide with identical PC/PG ratio
and of almost constant surface charge, 15% negative charge per lipid molecule, by
decreasing the amount of PIP and PIP2 appropriately assuming a charge for PIP of
−2.5 and for PIP2 of −4/molecule. (A) PC/PG/PI 8.5/0.5/1.0 LUVs; (B) PC/PG/PIP
9.07/0.53/0.4 LUVs; and (C) PC/PG/PIP2 9.21/0.54/0.25 LUVs. The MBP/actin bundles
were allowed to form ﬁrst in G actin and then added to LUVs in modiﬁed G buffer,
then diluted with F buffer, to try to prevent heterogeneity due to sequestration of
MBP between lipid vesicles. Values represent the mean±standard deviation of four
experiments. There was no signiﬁcant difference between the amount of actin
bound to PIP or PIP2-containing LUVs from that bound to PI-containing LUVs in
the main lipid–protein band in the 15% sucrose layer by Student's t test.
2224 J.M. Boggs et al. / Biochimica et Biophysica Acta 1818 (2012) 2217–2227its absence (Fig. 4F, I) indicating that the MBP that was dissociated
from lipid-free actin by Ca2+–CaM then bound to the LUVs.
At a lower % total acidic phospholipid, 12.5%, and a higher mole
ratio of Ca2+–CaM to actin of 2:1, more of the actin was found free
near or at the bottom of the tube (Fig. 5D–F, compare to 5A–C) than
at the 18 mol% acidic lipid and lower Ca2+–CaM ratio in Fig. 4. In
this experiment, the PIP sample showed the same kind of heterogene-
ity as found for PIP in Fig. 4E with two lipid–protein bands in the 15%
and 20% sucrose layers and with the higher density one having a
higher protein and actin to lipid ratio than the other (Fig. 5B). Howev-
er, these samples showed the same trend as those from other exper-
iments shown in Figs. 2–4, with less MBP/actin complex bound to
lipid with increasing phosphorylation of PI and a requirement of a
higher MBP to lipid ratio of the LUVs to neutralize their charge, in
order to bind to them. As for the PIP sample in Fig. 4E, Ca2+–CaM dis-
sociated actin from the lower density lipid–protein band rather than
the higher density one, and increased the percentage of the lipid
and protein in the higher density one (Fig. 5E). Similar to the effect
of Ca2+–CaM in Fig. 4, the amount of free actin increased with phos-
phorylation of PI with PIbPIPbPIP2. However, in contrast to the effect
of a 1:1 mole ratio of Ca2+-CaM to actin, at a 2:1 ratio, MBP was dis-
sociated more from the LUVs, with some free lipid found at the top of
the tube for LUVs containing PI (Fig. 5D) and some MBP bound to lit-
tle lipid in the 15% layer for PI and PIP2 (Fig. 5D, F). Thus, at the higher
Ca2+–CaM concentration and lower acidic lipid concentration, Ca2+–
CaM can more readily dissociate both MBP and actin ﬁlaments from
the LUVs as well as dissociate MBP from actin. It can dissociate actin
ﬁlaments more readily from the more negatively charged LUVs con-
taining PIP or PIP2 than PI.
3.4. Comparison of vesicles containing PI, PIP, or PIP2 at equal negative
surface charge
In order to determine if the inﬂuence of increased phosphoryla-
tion of PI was due primarily to increased negative surface charge of
the membrane surface or some other property of PIP and PIP2 relative
to PI, we compared PC/PG vesicles with a ﬁxed ratio of 8.5:0.5 and
containing sufﬁcient PI, PIP, or PIP2 to give them a similar surface
charge. Since the charge of PIP has been determined to be −2 to −3
and of PIP2 to be −3 to −5 in the pH range 5 to 8 [44], we assumed
a charge of −2.5 for PIP and −4 for PIP2 at pH 7.5, as used here. A
charge of −4 has been assumed for PIP2 at physiological pH in other
studies [39,43]. The charge of PG and PI are−1 and PC has a net neutral
charge. The LUVs for this experiment contained mole ratios of PC/PG/PI
8.5:0.5:1.0, PC/PG/PIP 9.07:0.53:0.4, and PC/PG/PIP2 9.2:0.54:0.25. Thus
the % negative charge per lipid molecule is close to 15% in each case and
the % negative charge per lipid molecule due to inositol lipid is constant
at 10%.
In order to prevent some of the heterogeneity that occurred in
previous experiments where F-actin was added to vesicles pre-
bound to MBP, we carried out this experiment by adding the preas-
sembled MBP/actin complex in G buffer to LUVs and then diluted
with F buffer to ensure complete polymerization of F actin and similar
ionic strength conditions and pH to previous experiments. We
showed earlier that MBP polymerizes and bundles actin ﬁlaments in
G buffer and binds them to LUVs [15]. Centrifugation of LUVs com-
bined with the MBP/actin complex resulted in a single lipid-
containing band in the 15% sucrose layer (Fig. 6). This band contained
most of the MBP but only 50–65% of the actin. Some unbound MBP/
actin complex and free actin ﬁlaments were found in the 20% and
40% layers but none in the pellet, indicating that the lipid-free actin
ﬁlaments were not bundled. The amount of bound MBP and actin
was very similar for LUVs containing PI, PIP, and PIP2 indicating that
all three inositol lipids repel actin ﬁlaments based strictly on the de-
gree of negative charge they contribute to the membrane surface. Al-
though a little less actin was bound to PIP2 than PI and PIP, the
2225J.M. Boggs et al. / Biochimica et Biophysica Acta 1818 (2012) 2217–2227difference from PI was not statistically signiﬁcant. A tendency for less
actin to bind to PIP2-containing vesicles may reﬂect a charge of PIP2 in
this environment of somewhat greater than 4.
4. Discussion
We showed earlier that MBP could tether actin ﬁlaments to a lipid
bilayer and that electrostatic interactions are at least partly responsi-
ble for the interaction of MBP with actin [15–17]. In the case of the
MARCKS effector domain, which has a net charge of +13, theoretical
calculations showed that the electrostatic potential was quite positive
above the peptide, even when bound to acidic lipids [45]. Although
the positively charged residues on MBP are distributed more homo-
geneously over the entire sequence than for MARCKS, a similar effect
for MBP would allow it to bind actin while simultaneously binding to
the lipid bilayer. However, an increase in the net negative surface
charge of the lipid bilayer due to an increase in the ratio of negatively
charged to neutral lipid [15], or to decreased net positive charge of
MBP due to phosphorylation or deimination [16,17], caused repulsion
of the negatively charged actin ﬁlaments. Here, we show that an in-
crease in negative surface charge of the bilayer due to phosphoryla-
tion of PI could also cause repulsion of actin ﬁlaments, as found
earlier for the negatively charged Fyn SH3 domain [19]. PIP2 is consid-
ered to have a valence of−4 in a lipid bilayer [39], in contrast to−1
for PI. Like the basic effector domain in MARCKs and other proteins
[39,43,46,47], MBP behaves as a PIPmodulin and can cluster these
lipids, particularly PIP2, both in liposomes [48] and in cultured oligo-
dendrocytes [49]. This concentrating effect will amplify the effect of
the additional phosphate groups on PI. However, rather than causing
dissociation of only actin ﬁlaments from the lipid-bound MBP, the in-
creased negative surface charge also caused dissociation of some of
the MBP-actin complex. Thus, under the conditions used, MBP had a
higher afﬁnity for actin ﬁlaments than for the lipid bilayer, even
though its afﬁnity for the lipid bilayer increases as the negative sur-
face charge increases [19]. This may have been due partly to the pres-
ence of divalent cations in the F buffer, necessary for polymerization
of actin. Divalent cations also bind with 50 times higher afﬁnity to
PIP2 than PI [50] and might contribute to preferential binding of
MBP to the actin ﬁlaments in the presence of PIP2. Actin ﬁlaments
bind divalent cations at speciﬁc sites but not to most negatively
charged amino acids so divalent cations would not prevent electro-
static binding of MBP to actin.
Comparison of the inositol lipids at ratios where the surface
charge was constant showed that they behaved similarly. MBP is a
small protein, 18.5 kDa, and does not contain any speciﬁc inositol
lipid binding domains such as a PH domain [51]. Thus its interaction
with LUVs and the effect of inositol lipids on actin binding to MBP
on the surface of LUVs appears to be primarily electrostatic. It's ability
to cluster PIP2 is also due to electrostatic interactions since high salt
concentrations prevent it [48].
MBP binds to CaM in vitro in a Ca2+-dependent way with submi-
cromolar afﬁnity [25,26], and has been shown by proteomic analyses
to be one of many CaM-binding proteins in the brain [52]. Ca2+–CaM
was shown earlier to dissociate MBP from actin ﬁlaments and also
from the lipid bilayer [15,19] and from PIP2 [48]. Here, we show
that its ability to dissociate actin ﬁlaments from lipid-bound MBP in-
creased with increasing surface charge density of the bilayer due to
increasing phosphorylation of PI.
These results show that changes to the lipid composition of myelin
which could occur during signaling or other physiological events, i.e.,
phosphorylation of PI, could regulate the ability ofMBP to bind actin ﬁl-
aments to the lipid bilayer and its susceptibility to regulation by Ca2+–
CaM. Phosphoinositides are potent regulators of many actin-binding
proteins, and increases in the amount of PIP2 in membranes generally
tend to increase actin polymerization [53–55]. However, the effect of
phosphoinositides may vary depending on how the actin-bindingprotein binds to the membrane, and on whether the actin-binding pro-
tein stabilizes actin ﬁlaments or causes their depolymerization. An im-
portant characteristic of the actin cytoskeleton is its dynamic nature,
which allows it to respond rapidly to signals. The actin cytoskeleton
is particularly sensitive to signals generated at the membrane cytoplas-
mic surface [55]. Dynamic regulation of the actin cytoskeleton requires
a variety of actin-binding proteins which can readily exchange be-
tween cytoskeletal structures and the cytoplasm and/or membrane
[56]. PIP2 inactivates proteins that sever actin ﬁlaments, such as gelso-
lin [53,55], and activates some proteins that bind actin ﬁlaments to the
membrane, such as N-WASP [57]. However, the latter activation results
from a conformational change in the protein that exposes the actin-
binding domain. Increased phosphorylation of PI also increases binding
of actin-binding proteins to themembrane for proteins that either have
PH domains or small basic domains that bind by electrostatic interac-
tions [46,58], potentially resulting in turn in increased binding of F-
actin to the membrane. However, for a highly positively charged
actin-binding protein that binds well to a bilayer containing monova-
lent acidic lipids, such as MBP, or an integral membrane actin-binding
protein with transmembrane domains such as ponticulin [59], in-
creased phosphorylation of PI would not contribute in this way. For
such proteins, the regulatory mechanism described here may apply.
That is, increased PI phosphorylation increases the membrane negative
surface charge, thus repelling negatively charged actin ﬁlaments.
PIP2 has also been reported to inhibit interactions of actin with
other actin-binding proteins, coﬁlin, destrin, deoxyribonuclease I, α-
actinin, and vinculin [55,60–62]. This effect was attributed to compe-
tition with PIP2 for the actin-binding sites on these proteins. Howev-
er, in the case of MBP, which has an abundance of positive charge
distributed throughout its sequence, solid-state NMR spectroscopy
has shown that residues throughout its entire sequence are involved
in interactions with actin, although its N-terminal segment is sufﬁ-
cient to induce polymerization [63,64]. Since MBP is partially dissoci-
ated from membranes together with the actin ﬁlaments, we conclude
that charge repulsion of the negatively charged complex is the mech-
anism for its dissociation from the membrane. Actin ﬁlaments have a
high negative surface charge density due to protrusion of the nega-
tively charged subdomain 1 of the actin monomer along the surface
of the actin ﬁlament [29]. The ratio of actin to MBP in the unbound
complex in the pellet is higher than the 1:1 mole ratio found for max-
imal binding, and is higher than that of the complex bound to LUVs.
Thus, there may not be sufﬁcient MBP in the complex to neutralize
the negative surface charge of the actin ﬁlaments or bundles. Further-
more, the bound MBP in the dissociated bundles may be in the interi-
or of the bundles and not on the surface, leaving the bundle surface
negatively charged.
Phosphoinositides, in general, are an integral component of OL
and myelin metabolism, and undergo a signiﬁcant turnover [63]. In
compact myelin, total inositol phosphatides have been reported as
1–4 mol% of the total phospholipid [64]; the diphosphoinositides
and triphosphoinositides (TPI) have been reported to be present at
36% and 49%, respectively, of the amount of PI [65]. The lightest mye-
lin fraction, which comes from compact myelin, was even more
enriched in these signal transduction lipids, than were other fractions
coming from cytosol-containing domains. The TPI were 1.5% of the
total phospholipid in total myelin and 1.7% in the lightest fraction,
compared to 1% reported for the plasma membrane of other cells
[47]. The ratio of PI to the major acidic lipid, PS, in OLs is higher
than in myelin [66,67]; thus the amount of TPI in OLs also may be
higher than in myelin. Depletion of PIP2 in OLs by over-expression
of synaptojanin 1-derived PIP2 degrading phosphatase caused more
MBP to translocate from the plasma membrane to sub-cellular mem-
branes containing more PS, indicating that the amount of PIP2 in the
OL plasma membrane is sufﬁcient to bind MBP [49]. Although there
are many other actin-binding proteins in OLs, as in other cells, at
10 wt.% of myelin, MBP is the second most abundant protein in
2226 J.M. Boggs et al. / Biochimica et Biophysica Acta 1818 (2012) 2217–2227myelin, after the proteolipid protein PLP. Thus, MBP should be able to
participate in actin binding also in vivo as it can in vitro, and be reg-
ulated by levels of inositol phosphatides in OLs and myelin. The po-
tential ability of inositol phosphatides to regulate this interaction
supports a role for MBP as a dynamic membrane scaffolding protein
involved in signaling events in OLs and myelin.
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